
Lawrence Berkeley National Laboratory
Recent Work

Title
HYPERFINE-STRUCTURE SEPARATIONS, NUCLEAR MAGNETIC MOMENTS, AND HYPERFINE- 
STRUCTURE ANOMALIES OF GOLD-198 AND GOLD-199

Permalink
https://escholarship.org/uc/item/9nv5m7cs

Authors
Bout, Paul A. Vanden
Ehlers, Vernon J.
Niereriberg, William A.
et al.

Publication Date
1966-11-29

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9nv5m7cs
https://escholarship.org/uc/item/9nv5m7cs#author
https://escholarship.org
http://www.cdlib.org/


I 

UCRL-17297 ~ 

.,.; 

.~' ' 

.lIniv~rsityof, . California 

""E~rn:est~: O~" ,'L'a w're'nce" 
·R",~latiQn.· . t~bQr~l"ry 

" .' / ' ' / 

HYPERFINE'-STRUCTURE SEPARATiONS, NUCLEAR MAGNETIC MOMENTS, 
'AND HYPERFINE~STRUCtUREANOMALIES OF'GOLD-f98 .A.ND GOLD~199 

, " 

, t,' 

TWO-WEEK LOAN COpy 

This is a library Circulating Copy- , , 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



: .. 

To b~ I"ubmiited.to Physical Revier-r UCRL-17297' 
Pren.rint 

U N I V E R S I ~ t o p. CALI FOR bl . I A 

LRwrenceRadiation Laboratory 
Berkeley,Califor~ia 

AEC Contra.ct No. W-71,05-en.g-48 

HYPERFIN~-STRUCTURE SEPARATIONS, NUCLEAR MAGNETIC 110MENTS.AND· 

HYPERFINE-STRUCTUR,~ ANOUALIES OF GOLD-198 .AND GOLD-199 

.. 
Paul'A~ Vanden ,Bout. Vern.on J.' Ehlers, William A. Nie:i:enberg~ 

, and Howard A. Shugart 

November 29, 1966 

. .' ~ ... 

',' " 

,', . 

:., . 

. ", . 
':'" . 

~ . " 

... ,' 

"'f " .. 

, .. 



I • 

UCRL-17297 

Hyp~rfine-Structure Separations, Nuclear Magnetic l1oments,and 
... 

Hype,rfi"ile-Structure Anomalies of Gold-198 and' Gold-199' 

... * Paul A. Vanden Bout, Veraon J. Ehlers,"" William A. Nierenberg, 
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ABSTRACT 

We havem.easured the hyperfine-s~ructure separations, and nuclear 

, 198 199 ;, 2' 
magnetic moments of (2.70 d) Au and (3.15 d) Au 1.U, the,' Sl/2 state, 

, 'l 

using the atomic-beam magnetic-resonance method. We,a1~o measured the 

ratiasof the electronic g factor of gold to those of potassium and 

cesium. 
. 198 

The results are, for Au (1 = 2), 6v = 21450.7167(4) MHz, 

199 ll1(uncorr) == + 0.5842(4) nm; and for Au (1 :; 3/2),6'1) = 10962.7227(3) MHz, 

J.11 (uncorr) = + 0.2673(7) nDl. The results for the g-factor ratios are: 

gJ(Au)/gJ(K) = 1.000504(2) andgJ(Au)/gJ(Cs) = 1.000381(2). Thesevalues 

yield the following hyperfine-structure anomalies: 1976198 = 8.53(8)%, 

and 1976199 == 3.7(2)%. Second-order corrections to the hyperfine structure 
) 

are shown to be negligible. The nuclear. results are interpreted in terms 

of the shell model, with allowance made for configuration mixing. 
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, I ~', INTRODUCTION 
" 2, 

The unpaired s electron present in the atomic 5 1/ 2 ground state 

of gold is a sensitive.probe of the gold nucleus. However, the hyperfine 

structure (hfs) of this state contains infor~ation about only, one nuclear 

multipole moment---the magnetic-dipole moment. Information on higher 

multipole moments is excluded by angular momentum considerations. Another 

property,related to the distribution of nuclear magnetism and the electronic 

wave function, can be measured. This is the hfs anomaly'. 

The hfs anomaly, 1~2, is defined by:,' 

, (1) 

where the, a's are the magnetic-dipole hfs interaction con!?tants,and the'g's 

are the nuclear g factors of isotopes 1 and 2 of the same element. Usually 

I::. is expressed as a percent and', by convention" isotope 1 is, lighter than 

isotope ,2. Part of the origin of the hfs .anomaly was explained by Bohr 

and Weisskopf as, arising ,from the different distributions of magnetism 

, 1 
within the nuclei of the two isotopes., The other part, treated by 

, ' 

Rosenthal and Breit, arises from the altered electronic wave function in' 
, , 2 

,different .,isotopes. ,We expected to observe 'large hfs anomalies in gold 
,I 

, because of the large density of electrons at the ntlcleus and ,because of 

the differing spin and orbital contributions to the, magnetic-dipole moments 

of the isotopes. 

The Hamiltonian describing the (J =1/2) ground"';state hyperfine 

structure of gold is 
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'" where I iathe' nuclearangularmomentu~, J is, the el.~ctronic angular' 

::moment~m; gr andgJarethe, corresponding, g factors,~is the applied 

,,' . magnetic field~ lJ6i13the Bohr ~agneton, and h. is Planck's constant. 

Precision measurements of transition frequencies between the energy 

(2) " 

eigenstatesof this Hamiltonian yield values.of a, gI' and gJ' It is then 
": .. ,::' 

possible ,to calculate 6 using Eq. (1). We ~ade the,measurements with an 

atomic-beam apparatus, inducing the transitions with a radio-frequency (rf) 

magnetic field. 

.•.. - .- .. 
The, experimental results for Aul98 and Aul99 are not. ,obviously, 

: ,:" . 

" predicted bycalculationsbas~d on. any single current nuclear ~odeL' We 

'have resorted toa fitting scheme, ~sing a'configuration-mixing'theory to 
::. ,.' , ' '3 

,discuss our results. Corifiguration-mixing theory,uses single-particle 

. wave functions adtnixedwith nearby configurations i~the calculation of 

, the matrix elements yielding III and 6. Stroke et at.' tabulate these 
, 4 

matrix elements for a large number of admixtures and isotopes. ' 

'. 

II. EXPERIMENTAL METHOD AND APPARATUS 

, " 
'The energy levels of Eq. (2), for J = 1/2, are given by the Breit ... " 

Rabi '£oruiul~ , 

'-~·:'.-where dV ~a(I +~,) ~~d x='(gI- gJ)' H(1JO/h)~ The e~erg~ 'le~els for' , 

, ,::'Au198 and-Aul99 as afu~ct:ion.of magneticfie14 'Hare given in Figs. land . " 
"" ','.: 2, respectively.' 
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The operation of· a flop-in atomic-beam apparatus has been described 

.in great det~il elsew~ere;5 we will give o~ly a brief description here. 

Atoms effuse ·from·an oven and travel essentially collision-free through.a 

strongly inhomogeneous A magnet, a very homogeneous C magnet, and a strongly 

inhomogeneousB magnet. Because they have a magnetic~dipole moment of 

'approximately one Bohr magneton, the atoms are deflected in t;he inhomo-

geneous fields. For a beam of atoms with J = 1/2, these deflections in the 

A and B fields will cancel and a signal will be seen at the detector if atomic 

transitions are induced in the C field for which 6m
J 

= ± 1. In this experi-<. 
I 

mentthe magnetic f;ield H was held constant and the frequency "was varied; 

the observed signal exhibited a resonartt behavior as a function of " • 

The magnetic field was measured by observing'the standard 6F = 0 transition 

in either K39 or Cs133 • 

The distinguishing feature of our apparatus is its C magnet. The 

magnet (Varian V40l2A) has l2-inch pole tips with a 2-inch gap. This 

allows for considerable flexibility in the choice and use ofrf loops. The 

magnet is capable of producing fields up to 10,000 G. As an indication 

of the magnets' homogeneity, the standard 6F =0 transition in K39 has 

typically a full-width at half-maximum of 100 kHz at 4500 G using a hairpin 

1 cm' long • 

The A and B magnets, which operate .witha gradient of approximately 

10,000 G/cm, are identicai, making the machine symmetric about theC magnet • 

The oven-dete.ctor distance is about 270 cm. The apparatus is divided into 

chambers which are differentially pumped.bY.oi1 diffusion pumps. With the 

exception of the oven chamber, the'pressures achieved are less than 

1.0 x 10-6 mm Hg. 

. .j' 
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'/: '. :''', .:", ... ·(;Old-198 was produced by thermal neutron irradiation oflOO% 
.. ',.' '. 197' .'. . . 

,Au • 'About 0.1 g of small 'goldchips were irradiated.for16 hours iIi a 

'j',~ l'014neut~onsper cm2-sec flux • These' 'chips were placed directly in the 

199 . . . . ' 14 
.. , . (tv-en_,To produce. Au. , about 2.5 g of Pt ~vere irradiated in a 10 

... ' .,' -. 
" .. ' 

, 2 . 
neutrons.per cm -sec flux for 48 hours. 

199 . . 
The Pt . thus produced ~ecayed 

I' 
" _ '. . ", . . 199." .' 

:with a half-life of 30 minutes to Au •. A.standard ethyl acetate 
199 ; ," 197 ' 

...... . separation removed the Au together with some Au' carrier from an 

. . -'.' aqua regia solution of the, Pt • 

We us~d a tantalum oven,heated by electron bombardment to produce . 

. beams. Because gold and tantalum form an alloy at high temperatures, the 

oven was·fitted with an inner liner and a snout, both made of carbon. Beams 

of stable .alkali atoms, used in calibrating the magnetic field, were obtained 

.. ; ,: 

from a resistance-heal:ed stainless steel oven •. 

The radio.a~tive· beams w~redetected by collecting them on a sulfur 

,surface for five minutes and then placing this surface in an anti-

coincidence shielded Geiger co.unter where they were counted. Alkali beams 

were detected.by ionizing them with a hot· iridium wire and measuring the 

ion current. 

When the experiment began,' we knew'thenuclear spins and had pre-
, , . . 6 
',.liminary values for the Av s from the work of Christensen et at. Our' . 

first measurements for' both isotopesof'gold consisted of a series of 

observations of the standard IlF ";"0 ttanS:lt10nat iri~reasingly highe~ 
", .. :.: :,,.;:. . ' 

" magnetic fields •. ' This. provided values of a and gr' sufficiently precise' to·. 
-'~ . 

',. allow a search ·for a 'AF = 1 transition.' The AF =' 0 transition also 
.: " 

.' 

determined gJ. For these measurements the "hairpins" or rf loops 

· .... , /.' ". ,',' 

. , 

. ' .. 
\ . 

.: " ~,' ',' .'. 

, .... '''. '. ',. '. 

,,' 

, :. . .. 
. ~ . 
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illustrated in:Fig. 3 were used, the one on the left for low frequencies 
. 

and the one on the right for high frequencies. The hairpin terminating 

in the 50-ohm load was· required at high fields ( > 1000 G) to avoid 

inconsistencies in the magnetic-field calibration. These occur at high 

fields with the shorted hairpin because the rf power at the gol(:> frequency 

maximized at a different· ·location in the hairpin than the location of the 

maximumrf power for the alkali frequency. Due to magnetic field inhomo-

geneities; the two resonances occurred in different fields, thus causing 

a systematic error when a comparison is made. The magnetic field was 

regulated during these measurements to a fe\11 parts per million by a nuclear 

magnetic-resonance feedback circuit. The rf signal sources were either 

frequency synthesizers (Schomandl FD3) followed by amplifiers, or klystrons 

phase-locked to a frequency synthesizer. 

To determine t:.v, we observed" the (5/2,±1/2) ++ (3/2, + 1/2) transition 

in Au198 and the (2,0) ++(1,0) transition in Au199 • At zero magnetic field 

the frequencies of these transitions do not depend to first order on the 

magnetic field. Hence, inhomogeneity-produced line broadening is small, 

and narrow lines are possible. 

The final observations of these lines were made with cavity hairpins •. 

The coaxial hairpin shown in Fig. 4 was used to calibrate the magnet-ic field. 

The entire hairpin block could be moved to allow either hairpin to occupy' . 

... ll8·· 
the center of the C magnet. ForAu the·c.avityoperated in the TEOl1 

199 . 
mode; for Au the TM010 mode was used. Observations were made with 

various orientations of cavity and C~fielddirections to check for cavity 

. 7 
shifts and Millman effects. None were observed. During all of these final 

" 

.. , 
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<observ~t:t.~~~:~e'va~ied, 'the, rf' power at the pe~kfreciuen~y\o determine the 
,.,' 

;" 

.. , optimum trans:i:tionpower •. The cavity hairpins typic.~lly required a few 
.. : 
. , . 

, .. ' ~ 
.. "'. 

microwatts.,of rf power to saturate the resonance • 

To determine' gI" the doublets ,,,ere observed at their field-independent~:. 

points •. In Au198 these are the transitions. (5/2,-3/2) ++ (3/2, -1/2) and 

(5/2,'-1/2)' ++(3/2, -3/2)'at 3200 G; in' Au199 these are the transitions 
. . . ~. ' 

(2, -1) ++ (1, 0). and (2, Or ++ (1, -1) at 1040 G. Again, cavity hairpins 

. operating in the same modes as those for the 6v measurements were used • 

. .'" Millman or cavity shift:s were also not .observed for these transitions ~ 

All frequency co.unters and rf equipment used in this experiment had 

as.a ·reference a 100-kHz oscillator '(James Knight·FSllOOT) •. This oscillator 

was continuously monitored against the standard 60;"kHz WWVB broadcasts .• 

• Therefore, all our measurements of frequency are based on atomic ti~e A1' 

which defines the second by tak~ng the 6vof Cs133 to be 9192.631770 MHz 

exactly. 

. III.. DATA AND RESULTS . 

198 .", 199···· ~ 
The data for Au and Au are presented in Tables I and II, respectively .•. · 

. The residuals listed there are the calculated frequencies '. based on the 
. . . . . 

best1~ast-squares' fit, minus thee~perimental1y obs~rvedfrequencies. 
, 

Figures 5 through 8 illustrate. typical observed resonances •. These data were 

'. fit.ted to the Breit-Rabi fcirmul~using a least-squares·· fitting routine. The 
, . " • J ~ •• ' : ," <' : 

:.;: . parameters ,gI,gJ" and a were varied and. the results are given in Table. III. 

The value lJO/h =·1.399613 MHz/Gwas used in this fitting routine. The 
. 

results do not depend on this value to first order because of the method 

of measuring the magnetic f:1 elci. Table IV gives the co.nstants aS$utned for 
.; ...... 

. the cal:f.bration isotopes used; to ·ca1cu1a·t¢. th~ magnetic field. 
, ' .. -._.:'>:.......... . 

.. ' 

. . 

... -
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: .:. '. 
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. 8 
The final experimental results, which supersede all prior information, 

are listed inTable V. The value m Im= 1836.12 was used to calculate p e . 
. 9 

·the nuclear magnetic moments, and the correction for diamagnetism was 
. ·-1 

taken to be (l-a) = 1.00958. The results for the ratios of the electronic 

gjfactors, as we1i as the other results, are quite independent of the 

absolute value taken for· the alkali gJ factors. A variation of 1 part in 

105 can easily be tolerated. 

Our final results have errors representing 2 standard deviations of 

the least-squares fit· based on external consistency of the input data. The 

resu1tingx2,s indicate that our choice of input uncertainties was highly 

conservative, but these choices reflect considerations of possible 

systematic errors. The hyperfine-structure anomalies were calculated with 

" 10 197 
the following values for Au : 

~v = 6099.320184(13) MHz 

1.11 (uncorr) = + 0.143491(9) run 

IV. DISCUSSION 

We have considered the effect on our results of second .... order contributions 

to the hyperfine structure. All such matrix elements of. Eq. (2) which are 

off-diagonal in J, and which also involve the magnetic field H, vanish 

identically.' This is because they all contain the integral 

as a factor in their reduced matrix elements. One of the selection ,rules 

on this integral is ~n = O. Because the ground-state configuration of gold 

.. 
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l~ads, too~ly on~ fine-s'tructure level, this1ntegral vanishes. 

.. . ~ : . ., .. :-.-. 

; " : .. Hence, " 
":" ", 

~.: . 

the Breit~Ra~i formula yields 'the true gI and 'gJ. 

" We have calculated the second~order magnetic-dipole and electric-

: quadrupole contributions to'the ground--state hyperfine structure from the 

2 2 ' , 11 
, D312 and DS/2 states, following Schwartz. The results of Childs and 

, ' 12 ' ' 197" , 
Goodman for the hyperfine structure of these states ,in Au, ' were used 

to determine the normalization of the Casimir wave functions. If we set 
c' 

,' .. , ',the experimental /J.v equal to /J.vl d +/J.v2, d d ,then st or er n or er, ' 

:l1v2nd order (Au
198

) = -34. Hz, /J.v2nd order (Au
199r= ~68. HZ' ,,' 

'In these'calculations we have assumed that the nuclear electric--quadrupole 
i, 

Dioments of ,these isotopes are no larger than 1 barn. These corrections are 

,'isotopes. The most reasonable explanation ,is that these spins are, due to 
, ,,". ,', """, 8" 6 ,12 

'the d3/2 hole in the protoriconfl.guratio!-\(lg7/2) (2dS/2) (lhli/2) , 
3 ' 

(2d
3

/ 2) , where only states above the closed shell at 50 protons are ... 

listed. ,This assignment of the 2d
3

/ 2 protons is consistent with the ' 

, "" ' ., 197 ' 
, " 'observ.ed positive nuclear quadrupole moment of Au' (Ref. 12). It is 

. 
also consistent with ,the fact that' the observed moment is closest to the 

Schmidt ~oment corresponding to j = 1 - 1/2 • 
, ' , '~8 " 

, , If the odd neutron in Au is assumed to beina:3Pll2 statejthen 

. ... 

.',.:,';',,:::;,:Nordheim's rules as modified by Brennenand,Bernstein13 unambiguously 

,':,"7: ': predict that the spin is 2., This is indeed the observed spin. This neutron 
, - ~ .' 

assignment is also consistent with the observed spin and parity140f Hg199. ,.' 
.. ' .. 

;: .. ,. .. 
:-," 

. . ~ .. ...•.. " . 
, .. '-'. ':: 

c, 
• ........... Or, 

.. ,; 
',;' 

" ;;' 

- ',' 

.. ",:' 

.. ,'." .. , . ;.'; 
-",0 ": ... 
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The Schmidt predictions for the magnetic moments are: 

llr(AU199) = + 0..124 ,nm, and ~I(Au198) = + 0.762 nm. No nuclear model 

known, to us can explain the deviation 'of the observed moments from these 
, ", 

values and at the same time predict the observed anomalies. 

In view of 'the difficulties of theoretically predicting the magnetic 

,moments, we construct an interpretation ,of the observed moments by the 

, ; ~7 ~9 
following scheme. The theoretical magnetic moments of Au and Au 

are made to fit the observed moments either by' choosing the proper value' 

of g in the Schmidt formula (the method of quenched g factors) or by 
s 

choosing the proper admixture of some single-excitation configuration-

mixing scheme. For each value of g and admixture, a value of € can be , s 

calculated. The single-isotope anomaly (€) is defined by 

a t = a t (1 + E), where a t and a are the hfs interaction constants ex 'p, ex pt , ' 

,calculated with a distribution of nuclear magnetism and a point magnetic 

dipole, respectively. The hyperfine-structure anomaly is then calculated 

using 
1 2 I + €1 

1+ 11 =--= 
, ,1+ €2 

The scheme which then predicts the best'values of 1976,199 is chosen as 

best describing the observed facts. ' Table VJ; gives the res\llts of this 

calculation for 1976,199. 

It is'easily seen that the use of effe~tive gsfactors leads to a 

, poor ,value for the anomaly. Both neutron excitations give reasonable 

(4) 

agreement, and we choose (P1/2 - P3/2)_a.fLbest describing the situation' 

since'it has the lower excitation energy. 

The magnetic-dipole moment of Au198 can be calculated using the g 

'factor of the neutron in Hg199 and the g factor of the proton in either: 

- .! 

. . 



". ,.' 

".:.,-

, .... -, 
.' -~" 

.. , ..... .. ' 

:," .' 

:.-,.'" 

.' . .! 

'.' -10- .... :' ... - UCRL-17297 .; 

'I-, 

, . 

',.,.:' Au197 or' A~199. We lis'~'the va1u~ \.II = + 0.50nm':for the magnetic moment14 

..... " o'f 199 . 197 ' 198 . . 
Hg • Taking the proton g factor from Au , we get \.II(Au )=+0.65 nm, 

., 

:.' ~.'. 

.' .'. . 

" and using the 'proton 'g factor from Au199 , we get 
" :. ~ .. 

198 '. 
\.II (Au ).= + O.17nm. 

, .'!. 

"Although neither value agrees ve.ry well with the observed value of + 0.59 nm, 

this is probably as good as can be expected for an odd-odd nucleus. 

: A value of Efor Au198 can be calculated from 

E = a E + a E 
p P n n 

(5) 

. where a· and a are the fractional contributions of the proton and the 
p n 

. ~8 
neutron to the magnetic moment of Au ,respectively, and E and E are the 

p n 

valuesof.the 

'. . 15 
. alone. '. . For 

. . 

individual isotope hfs anomaly for the pro~on and neutron 

E we can choose either E(Au197) =13.6% or E(Au
199

) =.8.3%, 
p 

199' '.. . 
and for E .we use E(Hg ) = -3.5%. The delta function interaction assumed 

n 

in Refs. 2 and 3 to cause the configuration mixing van:1shes for the single 

, . 199 
Pl/2 neutron in Hg Therefore, an effective g factor isused in 

calculating E(Hg199). Using E(Au197) and E(Hg199), we get E(Au19~ = 0.89%,. 

197 198 a.' 199 199' 198 . . 
.-.- with a Fi12.6%;using E(Au ) and E(Hg ), we get E(Au ) = 2.7%, 

with 197a198 =' 10.6%. The second case gives reasonable agreement with the 

197 A.1. 98 = 8.5%. ",'" . 'observed value of Ll 

V. CONCLUSIONS 

.' . 197' 198197199 . 
As'e~pected, the hfs anomalies. a and' . a are 1arge'-Wehave 

.shown that the hfs anomaly is not necessarily a '''1%. effect" as it is often 

labeled. Its usefulne~'~as a nuclear parameter is limited' becau'seof the'· 

. complexity of its interpretation. Howev~r ~ it can be helpful 'when w~ are 

. deciding among several possible fitting schemes in which configuration mixing 

-, .' 

is being used to explain a magnetic moment. By such !l scheme, we have. 

\ 

L 

~'- - " " ' .. 
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. attempted to explain~he magnetic-dipo_le moments of Au198 .an.dAu199 and 

. their anomalies with respect to Au197~ .' 0 
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" Table I. 
' 198 

Experimental data for 'Au ,. 

Gold transition 
Calib. ~~aiib. (MHz) H(G) F 1.,m 1) - (Fl·ml ) v AI.t(MHz) Residual 

Run' ~ ---
4A K19 44.2149(55) 50.00'58(50) (5/2. - 3/l)-(5/l. -5/2) l8.1840(50) + 0.0019 

4B K19 lOO.5925(15) 150.0ISol(l7) (5/l. -3/lH5/l. -S/1.) 85.4100(35) - 0.0010 

.. - -, 4C K39 684.5815(55) 3S0.0Z05(ll) (5/l. -3/l)-(5/l. -S/Z) 1.03.60IZ(35) - 0.0031 

40 K39 , 2150.4851(70) UOO.OSZ3(lS) (S/2. -3/2)-(5/l. -5/2) 694.0465(45) ~ O.OOZZ 

,8H CaUl. 1941.191(13) 2500.1548(88) (5/2. -3/2)-(5/2. -5/2) 1846.1Zl( 10) -,0.0064 

81 C.
133 1941.391(13) 2500.1509(88) (5/l. -3(l)-(5/l. -S/2) 1846.115(8) - 0.0106 

lZA C.
U3 0.5HI(10) 1.554(lOI (5/l. 1/2)-(3/l. 1/2) UI51.S85(13) - 0.0040 .;;.. ....... 

3lB Ca
ll3 0.6030(10) 1.1B(lO) (5/l. l/lI-(3/l. -1/2) Zt450.izO(l6) + 0.0031 

3lCI C.
ln 6U9. 9U( 181 4599.8575(75) (5/2. -3/ll-(5/2. -5/2) 4101.085( 14) ~, 0.00ll. 

llCZ CaUl 6U9.91l(18) "599.8538(75) (5/l. -3/~)-(5/l. -5/l) 4303.087(12) + 0.0039 

3201 Ca
lll 

, 6119.906(18) 4599.8507(75) (5/2. - 3/2H5/l. -5/l) , -1303.083(12) + 0.0043 

n02 C. 1l3, 6119.901(18) 4599.8485(751 (5/2. -3/2)-(5/l. -5/l) 4303.082(12) + 0.0063 

nFI 
' 113 
C. 11998.103(l4) 6899.9470(90) (5/l. -3/ll-(5/l.-5/l) 8118.100(24) + 0.0082 

llF2 Cain, 11998.lZ8(l4) 6899.9564(90) (5/1.. -1/21-(S/l. -5/1.) 8118.310(l4) + 0.0004 

llF3 ' Cs ln ti998.3Zl(l4) 6899.9545(90) (5/2. -3/l)-(5/2. -5/2) 8118.305(24) - '0.001 I 

37Al' C. I33 3126.650(10) lZH.4648(H) (5/l. -1/1.1-(3/2. -3/2) 19564.390(30) + 0.0017 

37A2 
' 133 
C. 3tz6.656(10) 3214.4680(S4) (5/2. -1/21-(3/2. ~3/l) 19564.390(30) + 0.0017 

37A3 Ca 113 31l6.657(101 3214.4684(54) (5/2. -1/1.)-(3/2. -3/2) 19564.390(30) + 0.0017 

3781 Ca 133 3 Il6.6lZ( (0) 'lZt4.4552(54) (5/2. -3/2)-(3/2. -1/1.) 19565.8l0(30) + 0.0002 

37B2 C. I33 H26.613( 10) llt4.4558(54) (5/2. -3/2)-(3/2. -1/2) 19565.8l0(30) + 0.0002 

37B3 Ca U3 3126.616(10) lZ 14. 4 57 3( 54) (5/2. -3/2)-(3/l. -1/l) 19565.8l0(30) + 0.0002 

3TCI Ca
U3 3tz6.655(10) 3lI4.4675(54) (5/l. -1/2)-(3/2. -1/2) 19564.190(30) + 0.,0017 

'37C2 Ca
U3 3126.65S(10) 1114.4675(54) (5/l. -1/2)-(3/2. -1/2) 19564.390(10) + 0.0017 

17C3 
' IH 
C. , JIlb.b55(IO) lZt4,4675(S4) (5/~. -1/2)- (l/Z. -3/2) 1951>4.190(10) + 0.00t7 

37C4 Ca U3 3tz6.639(10) lZ 14. 4590(54) (5/l. -3/2)-(3/2. -1/2) 19565.820(30) + 0.0002 

37C5 C~1l3 3126.639(10) lZ 14. 4590(54), (5/2.-'3/2)-(3/2. -1/2) _ 19565.820(30) + O.OOOl 

37C6 Ca
U3 

3 .1Z6.639( 10) lZH.4590(54) (5/l. - 3/2)-(3/2. -1/2) 19565.820(30) + 0.0002 

.. ' . 47Al c. Ul 3126.684(17) 3Z t4.48l.9 (91) (5/l.. -3/2)-(3/l.. -1/2) 19565.8202(l7) + 0.0004 

47AZ CI
ll3 

.ltl.6. 7tl( 17) 3Z t4.497 9 (91) (5/Z. -3/Z)-(3/2;-1/2) 19565.8202(25) + 0.0004 

4781 Ca III 3126.659(15) 31. t4.47 0 (19) (5/l.-1/Z)-(3/2. -3/2) 19564.3877(25) - 0.0006 , 

47B2 C. III lt26.66l(3S) 3214.471(19) (5/2. -1/2)-(3/2. -3/2) 19564.3877(25) - 0.0006 

SOAI Ca
lH 3126.71.40(60) 3Z!4.5046(32) (5/l. -3/Z)-(3/2. -1/Z) 19S6S.8198(7) + 0.0000 

50Al C.
133 '31Z6.7240(60) lZ 14. 5046(12) (5/2. -3/2)-(3/2. -1/2) 1956S.8198(8) + 0.0000 

SOA3 c. ll ] , 3126.7250(60), 1214.5052(31.) (5/2. -~/l)-(1/2. -3/2) 19564.3885(7) + 0.0002 

50A4 CaUl 3 !l6. 7250(60) nI4.50SZ(31.) "(5/Z. -1/l)-(3/l. -3/Z) 19564.1885(7) + 0.0002 

50Bl C.1ll . 3126.7290(60) 3214.5073(n) (5/2. -1!lH3/Z. -3/2) 19564.388S(7) + O.OOOZ 

SOBZ C.
I33 3126.7290(60) 31. 1-1. 5073(31) (5/2; -3/2)-(3/Z, ~1/Z) 19565.8198(8) + 0.0000' 

. - ,50B3 C. lll 3 tz6. noo (60) lZ14.5025(lZ) (5/1.. -3/2)-(3/2. -1/2) 19565.8196(8) - 0.0002 ' 

,5084 C. 1ll , H26.72Z0(60) 3214.5036(32) (5/Z. -1/2)-(3/2. -3/2) 19564.3879(7) - 0.0004, ' 
.. 

, 5085 ' C. Ul 
0.31.0(10) 0.886(29) (5/2, -1/Z)-(3/2. l/l) UI50.7173(9) + 0.0002 

.., 5085 ' 
' III 
Ca 0.310(10) 0.886(29) (5/2. -1/.2)-(3/2. -1/Z) 1.1450.7173(9) ,+ 0.0006 

50B6 Ca
l33 

0.310(10) 0.886(Z9) (5/2. -1/Z)-(l!.Z. 1/2) U450.7169(91 - 0.0002 
<"", 

5086 CaUl 0.310(10) , , 0.886(l9) (5/2. 1/2)-(1/1.. - 1/2)' 1.1450. 7169(9) + 0.0002 

50C1 C.
Ul 

0.31.5(10, 0.900(29) (5/2. -1/2)-(3/l. 1/2) U450.7164(12, - 0.0007 

50Cl C.
U3 

0.315(10) 0.900(Z9) (5/2. 1/2)-(3/2. -1/2) 21-150.7164(12) - 0.0001 

50C2 C. il,3 0.Z86(10) 0.817(29) . (5/l. -1/2)-(3/2. 1/2) Ul50.7168(10) - O.OOOl 

50C2 Ca
U3 

0.286(10) 0.817(Z9) (5/Z. 1/2)-(3/l. -1/2) ZI450.7168(101 + 0.0001 

i ... 
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'. , Table II; . Experirne~~al d~ta for Au199• 

Run 
Calib., . 
jsotope .. ' •. " calib; (MHz) 

Gold transition 

---,' .~H~(""G),--_ (F 1; m l )- (Fl' m 2) 

'. ':, " 

'6A 
'.' .6B 

,6C '. 

60 

iO'A 

10'B 

10'C 

10'0 

13A 

13B 

13C 

. '130 

13G '. 

"13H 

131 

13J 

26A 

26A' 

26B 

260 

26E' 

46Al 

46AZ ' 

. 46Bl 

K39 

K39 

'K39 

K39 

Cs 1B ' 

Cs B3 

Ca133 

Cs 133' 

K39 

. K39 

1<39 

K39 

Cs U3 , 

. ,.Cs 133 " 

Cs 133 

Cs
t33 

K39 

K39 

K39 

(;sl33 

Cs l33 , 

Cs
il3 

Cs
i33 

Cs
133 

.. 46B2 'Cs 133 

" I ' '~.' '::: ' 

.' '-
..... ' •• ~I 

t'."' 

49Bl Cs
i33 

49B2 Cs
l33 

49B3 Cs133 , 

49B4 

49B5 

49B6 

49137 

49B8. 

.49C1 

49C2 

49C3 

;·49C4 

Cs 133 . 

, Cs 133 

Ca133 

'. Ca133. 

Ca 133 . 

'" 133" 
Cs 
'
Ca

133 ' . 

i33' 
Cs ' 

, Cs i33 

. ' ,', ~. 

44.20'92(75) 

20'0'.5910'(75) 

50'3.0'970'(85) 

50'.0'0'0'6(68) 

150'.0' 146 (37) 

280'.0'30'3(3 ). 

2750'.40'95(85) 110'0'.0'250'(30') 

50'0'.4140'(75) 10'49.890'(12) 

50'0'.4140'(75) 10'49.890'(12) 

50'0'.4140'(75)10'49. 89Q( 12) 

50'0'.4140'(75) 10'49.890'(12) 

0'.70'51(70') 

0'.70'42(65) 

0'.70'35'(70') 

0'.70'26(70') 

1.0'0'20'(99) 

1.0'0'0'8(92) 

0'.9998(99) 

0'.9985(99) 

498.9456(80') 10'47.584(13) 

498.9480'(80') tQ47.588(13) 

498.9500(80') 10'47.591(13) 

,498.9528(80') 1047.595(13) 

5546.432(10') 

5546. 343( 10) 

.. 8627.0'52(12) 

. ,8345.833(15) 

2100'.1932(36) 

210'0'.1614(36) 

3200.3448(43) 

5'50'0'.3416(59) 

•. 11468.376(25) 670'0'.3448(94) 

498.940'8(70') 10'47.577(11) 

498.9324(70') 10'47.563(11) 

498.9296(70) 1047.559(11) 

(2, -1)-(2, -2) 

(Z, -1)~ (Z, -Z) 

(2, -1)-(2, -2) 

(2, -.1)-(2, -2) 

(Z, 0')-(1, -1) 

(2, 0')-(1, -1) 

(2,-1)-(1, 0') 

(2, -1)- (1, 0') 

(2, -1)-(1, 0') 

(2, -1)-(1, D) 

(Z, 0')-(1, D) 

(Z, 0')-(1, D) 

(2, -1)-(1, D) 

(Z, -1)- (1, 0) 

(Z, 0')-(1, -1) 

(Z, 0')- (1, -1) 

(Z. -1)- (2, -2) . 

(2, -lH2. -2) 

(2. -1)-(2, -2) 

(Z. -l)-(Z. -2) 

(Z.-l)-(Z. -Z) 

(2. 0')-(1.-1) 

(2. 0')-(1. -1) 

(2, -1)-(1. 0') 

.498.950'3(70') 1047.592(11) (2. -1)-(1, 0) 

498.9430(60') 10'47.580'1(94) (2, 0)-(1. -1) 

498.9440'(60') 10'47.5816(94) '(2. 0)-(1.-1) 

498.9550'(60') 1047.5989(94) (2, Q)-(l. -1) 

498.9610'(60) 1047.6083(94) 

498.9440(60') 1047.58 16(94) 

498.9450(60') 10'47.5832(94) 

498.9530(60) 10'47.5958(94) 

498.9630'(60').10'47. 6115(94) 

,.:. 

0'.265(10') 

0'.267(10') 

0.269(10') 

0'.30'2(10) 

", . 

0.757(29) 

0'.763(29) 

0'.769(29) 

0'.863(29) 

. (2. 0)-:(1, -1) 

(2; -1)-(1, 0') 

(2, -1)d1, 0) 

(2, -1)-(1, 0) 

(2, -1)'-(1, 0) 

. (Z • .oHl,. 0') 

. ,(Z, 0)-(1, ,0) 

(2, 0')-(1, 0'). 

.; (2, 0') - (1, 0') 

..\ ': . '['.' 

35.3835(75) 

10'8.2210(60') 

. 20'7.1910'(40') 

,956.658(10') 

i0'589.0'38(13) 

10'589.0' 396(40') 

10'589.3191(90') 

10589.3216(50') 

. 10'962.0'255(90') 

10'962.0'240'(60') 

10'962.7215(90') 

10962; 723(10') 

10'589. H85(4O') . 

10'589.3187(55) 

10'589.0'360'(70) 

10'589.0'368(30) 

ZZ14.i790'(80) 

2it4.1350'(6O') . 

40'63.0'48(10') 

910'2.635(15) 

i2O'84.595(24) 

10'589.0345(10') 

'. 10'589.0'357(12) 

10'589.3195(13) 

10'589.3195(12) 

10'589.0'345(5) 

10'589.0'345(8) 

10'589.0'345(6) 

10'589.0'345(4) 

. 10'589.3192(5) 

.10589.3192(6) 

10'589.3192(8) 

,10'589.3192(4) 

10'962.7231(4) 

. 1Q962~7Z27(4) 

10'962.7229(5) 

, 10'962.7231(6) 

'," ' 

'f ~ • 

7·< 
" 

". " .... / . ': 

Residual 

+ 0'.0'0'17 

- 0'.00'29 

- 0.0'0'35 . 

- 0.0'0'44· 

+ 0.0'0'14 

+ 0.0'0'35 

- 0'.0023 

+ 0.00'0'2 

+ 0';0'0'48 

· +0.0024 .' 

- 0'.00'15 . 

- 0'.000'5 . 

- 0'.0'0'0 

- .0,.0'0'06, 

+' 0'.00'14 . 

.+' 0.0'022' 

- 0.0'0'00 

+ 0'.0'025 

+ 0'.0057 

- 0'.0'091 

- 0'.0013 ' 

- 0'.00'01 

+ 0.0'0'11 

+ 0.0'0'02 

+ 0.0'002 

- 0'.0'001 

- 0'.0'0'0'1 

- 0'.OQ01 

~ 0.0'0'0'1 

- 0.0'00'1 

-0'.000'1 

- 0'.0'0'01 

- 0'.0'00'1, 

· + 0'.0'0'02 
. ... - 0.0'0'0'2' 

· +'0.0'0'00' 

+ 0'.0'0'02' 

. ;0,'.' .' 

.. 
.~ .. 

, .... ;, ',., 

I,. ' 

. : ~ 
, ' . 
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" "Table Ill., Results of least-squares.' fi~.' 

a 

'g" (uncorr) 
1 , 

gJ . 

• ' Number of observations, 

2 
'X 

Au199 (1= 3/2) , 

8580~286697(87) MHz 5481.361327(71) MHz' 

+ 0.000159084(57) 

- 2.0033055(17) 

47 

5.4 

+ 0.00009706(12) 

- 2.0033037(19) 

37 

4.9 

Table IV. Calibration isotope constants. 

'133 
Cs 

\.11 (uncorr) 

461. 719723a MHz 

+0.39088a ~ 

2.0022954d 

9'192.631770b MHz 

+ 2~5641a nm 

,- 2.0025417d 

a. -Reference 10. 

-b. Atomic time, A l, defines the second by assuming this flvfor 'Csl33• 

a. 
. '. .... . . 

Ingvar Lindgren, Table of Nuclear Spins' and'Moments, !nAlpha-. Beta~, , 

and Gamma":Ray Spectroscopy, Vol. ,2, Kai' Siegbahn, Ed., (North-Holland 

Pub1. Co., .Amsterdam', 1965) p. 1621. 

d. P. A. Vanden Bout, V. J. Ehlers, and T~In<:esu~ Bu11.Am~Phys. Soc. ' 

. '. 

,2., 740 (1964); L. C. Balling and F. ,M. Pipkin,PhYs. Rev • .!1i, Al9_ 

(1965); andD. T. Wilkinson and H~ R. Crane, Phys.' Rev. 130,852 (1963). 

" '.'! .' 
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.... Table V. Final results. 

Au198 (I = 2) 
. 199 (I .;. 3/2) '.' Au 

, llV 21450.7167(4) MHz 10962.7227(3) MHz 

'. : ili--(uncorr} + 0.5842(4) nm + 0.2673(7) nm 

... 

.,.' 

,- ... .' ... 

PI (corr) + 0.5898(4) nm + 0.2699(7) nm 

197
1l

--":' . 8.53(8)% 3.7(2)% 

,---------------------------------------------------~----~----------------

gJ(Au198,199)/gJ(K39) = 1.000504(2) 

,gJ(Au198,199) /gJ(cs133)= 1.000381(2) 

Table VI. 
. 199 

Interpretation of Au result. 

Mechanism 

effective g 
s 

"(P1/2 - P3/2) 

. "(111/ 2 - .113/ 2, 

. , . 

. 1T{h912 - h11/ 2) 

. 1T(d
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or empl0yee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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